Virtual reality (VR) is a promising tool to study evacuation behavior as it allows experimentally controlled, safe simulation of otherwise dangerous situations. However, validation studies comparing evacuation behavior in real and virtual environments are still scarce. We compare the decision to evacuate in response to a fire alarm in matched physical and virtual environments. One hundred fifty participants were tested individually in a one-trial experiment in one of three conditions. In the Control condition, the fire alarm sounded while the participant performed a bogus perceptual matching task. In the Passive bystander condition, the participant performed the task together with a confederate who ignored the fire alarm. In the Active bystander condition, the confederate left the room when the fire alarm went off. Half of the participants in each condition experienced the scenario in the real laboratory and the other half in a matched virtual environment with a virtual bystander, presented in a head-mounted display. The active bystander group was more likely to evacuate and the passive bystander group less likely to evacuate than the control group. This pattern of social influence was observed in both the real and virtual environments, although the overall response to the virtual alarm was reduced; positive influence of bystanders was comparable, whereas negative influence was weaker in VR. We found no reliable gender effects for the participant or the bystander. These findings extend the social influence to the decision to evacuate, revealing a positive as well as the previous negative social influence. The results support the ecological validity of VR as a research tool to study evacuation behavior in emergency situations, with the caveat that effect sizes may be smaller in VR.
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Keywords: virtual reality, fire evacuation, social influence, bystander effect, virtual humans, virtual agents inTrODUcTiOn The people around us influence our responses to emergency situations. As early as the 1960s, Latané and Darley (1968) demonstrated a social influence on fire evacuation behavior. In their seminal smoke-filled room study, participants waited in a room that gradually filled with smoke. A participant either waited alone, with two other naive participants, or with two confederates who ignored the smoke and stayed in the room. Seventy-five percent of the solitary participants reported the smoke, whereas only 38% of the participants who were with other participants and only 10% of the participants who were with confederates did so. The results established that the passive behavior of bystanders exerts a negative social influence on evacuation behavior. The work of Latané and Darley (1968) has been the basis for extensive research on helping behavior in emergency situations (Fischer et al., 2011) . However, there are remarkably few controlled experiments on social influence during emergency evacuation.
The advent of high-resolution, mobile virtual reality (VR) technology makes possible a new wave of experimental research on evacuation behavior. VR allows researchers to immerse human participants in complex, dangerous situations that are difficult to simulate in the real world, with maximum experimental control, minimal risk, and a vivid experience of presence (Tarr and Warren, 2002; Cummings and Bailenson, 2015) . In evacuation research, VR has been used to study emergency training (Kinateder et al., 2013; Ribeiro et al., 2013) , pre-evacuation behavior (Kobes et al., 2010a,b; McConnell et al., 2010) , and the impact of way-finding installations (Ronchi et al., 2015; Andrée et al., 2016) . VR offers the opportunity to study risky scenarios in a safe environment with a degree of control and replicability that cannot be achieved in field studies (Kinateder et al., 2014b) .
Several previous studies have used VR to investigate human behavior in emergency situations. Slater et al. (2013) demonstrated that virtual humans exert a social influence on the decision to intervene in a simulated violent incident in VR. Specifically, participants were more likely to verbally and physically intervene on behalf of a virtual human that appeared to be a member of their in-group than on behalf of one that did not. Similarly, during a virtual fire emergency, Gamberini et al. (2015) found that light-skinned participants were less likely to offer help to a darker-skinned virtual human compared to a lighter-skinned virtual human. Participants in this study also reported an increased state anxiety during the simulated fire emergency compared to a control condition. In an observational study on fire evacuation, Gamberini et al. (2003) tested responses to a simulated fire while exploring a virtual library; participants functionally adapted their behavior according to the fire emergency and switched from exploratory movement to egress behavior. More recently, VR was used to experimentally study social influence on evacuation behavior in a virtual road tunnel accident with smoke and fire. These experiments found that the behavior of virtual humans affected the decision to evacuate, exit choice, and egress route patterns during evacuation (Kinateder et al., 2012 (Kinateder et al., , 2014a . In particular, Kinateder et al. (2014a) showed that passive virtual humans led participants to delay evacuation decisions in a virtual tunnel fire.
Before VR can be adopted as a methodology for evacuation research, however, its external validity must be established. Yet, comparative experiments are still rare [see Kinateder et al. (2014b) for an overview]. One can ask broadly whether behavioral, cognitive, emotional, and psychophysiological responses in VR are comparable to those in similar situations in the real world. In the last two decades, studies have demonstrated the validity of driving simulators for driving behavior (Kaptein et al., 1996; Godley et al., 2002) , the ability of virtual environments to elicit adequate emotional responses (Mühlberger et al., 2007) , and the transfer of VR evacuation training to real-world behavior (Kobes et al., 2010a; Kinateder et al., 2013) . If external validity can be established in basic scenarios, the promise of the technique is that VR might be leveraged to study situations that are too difficult or dangerous to create in the real environment.
Inspired by the smoke-filled room study of Latané and Darley (1968) , the present experiment investigates social influence and gender effects on evacuation behavior in response to a fire alarm in both real and virtual environments. Our first goal was to extend the well-established social influence effect on the decision to evacuate during a fire emergency in the real environment, testing a positive as well as a negative social influence on the participant. Previous studies on social influence effects in emergency situations mostly focused on negative effects on helping behavior (Fischer et al., 2011) . However, positive or negative effects of social influence on the decision to evacuate in the real world have not been experimentally tested earlier.
Our second goal was to compare the pattern of evacuation behavior in the real environment and a matched immersive virtual environment. The first validation study of evacuation behavior in desktop VR was performed by Kobes et al. (2010a) . In their study, the influence of smoke and exit signs on wayfinding and evacuation behavior was tested in a real-world hotel and a virtual model of the hotel displayed on a computer monitor, through which participants navigated using a joystick. Although participants in both conditions were aware that they were taking part in an evacuation study, some of the real-world evacuation trials occurred at night, unannounced, while participants were sleeping in their hotel rooms, and several participants were tested at the same time. In the virtual counterpart, participants were tested individually during the daytime, with no virtual humans present, and the purpose of the experiment was disclosed prior to participation. Despite these methodological differences, the authors found several comparable behavioral patterns in the real and virtual tests. In both cases, the majority of participants went to the nearest emergency exit, but exit signs had a stronger effect on exit choice in the real environment, whereas smoke had a stronger effect on exit choice in the virtual environment.
The present experiment tested the influence of active and passive bystanders on evacuation decision-making and behavior in matched real and virtual environments. In a single-trial experiment, participants experienced an unannounced fire alarm either in the real laboratory room or in a virtual replica of the room. In the Control condition, the fire alarm sounded while the participant performed a bogus perceptual matching task. In the Passive bystander condition, the participant performed the task together with a confederate who ignored the fire alarm. In the Active bystander condition, the confederate left the room when the fire alarm went off. We aimed to minimize differences between the real and virtual versions of the experiment by using an immersive virtual environment, matched human confederates and virtual bystanders, and participants who were naive as to the purpose of the experiment.
MaTerials anD MeThODs

Participants and Design
One hundred fifty participants [74 female, M(age) = 21.45 years, SD = 4.3] completed the experiment. Another three volunteers were excluded due to technical or procedural errors. Informed consent was obtained from all volunteers, who were paid for their participation. Participants were randomly assigned to one of six experimental groups (25 per group), while attempting to balance for gender ( Table 1) . Half of the participants (40 female) were tested in the real environment and the other half (34 female) in the virtual environment, with no difference in mean age, F(2,144) = 0.70, p = 0.50. A third of the participants each were in the Active bystander, Passive bystander, and control conditions. This yielded a 2 (environment) × 3 (bystander condition) between-subjects design. The study was approved by the Brown University institutional review board.
apparatus and Displays
Testing was conducted in the Virtual Environment Navigation Lab (VENLab), a 14 m × 16 m room. The entrance door to the lab was located on one side of the room. A standard fire alarm was mounted on the wall above the entrance door (SpectrAlert Advance P2R, System Sensor, St. Charles, IL, USA), which produced a siren sound and flashing strobe lights (similar models were present throughout the building). For the bogus task, a table with a laptop (Dell, Round Rock, TX, USA) and a flat-panel monitor were positioned about 3 m from the entrance door, near the center of the room. The participant stood 1 m in front of the table, facing the screen; in the bystander conditions, a male or female confederate stood next to the participant, between the participant and the door, also facing the screen. The participant could see the screen, confederate, and fire alarm from their position ( Figure 1A ). In the real environment, the participant viewed the physical VENLab and a human confederate, while wearing a bicycle helmet with a head tracker affixed to it. In the virtual environment, the participant viewed a computer-generated replica of the VENLab in a wireless head-mounted display (HMD, Rift DK1, Oculus, Irvine, CA, USA) with a 110° diagonal field of view (approximately 90° horizontal and 65° vertical) and a resolution of 640 × 800 pixels per eye. The participant's view of the real environment was occluded by a cloth hood. Displays were generated on a Dell XPS workstation (Round Rock, TX, USA) at a frame rate of 60 fps, using the Vizard 4 software package (WorldViz, Santa Monica, CA, USA) and transmitted to the HMD using a wireless HDMI transmitter (Nyrius, Niagara Falls, ON, Canada). Head position and orientation were recorded at a sampling rate of 60 Hz using a hybrid ultrasonic-inertial tracking system (IS-900, Intersense, Billerica, MA, USA), with a tracking area of 12 m × 14 m. Head coordinates from the tracker were used to update the display with a latency of 50-67 ms (3-4 frames).
The virtual environment consisted of a 3D computer graphics model of the laboratory room and a virtual doppelganger of a human confederate, created in 3Ds Max and Maya (Autodesk, San Rafael, CA, USA). A male and a female virtual human based on the two confederates were rendered using high-polygon (M = 8099, SD = 813) and texture-mapped (2048 × 2048 pixels) 3D models, and animated at 60 fps. The virtual fire alarm and flashing light were simulated by a stereo directional sound source located above the virtual door, in the same position as the actual fire alarm; the virtual sound was a recording of the actual alarm ( Figure 1B) .
Differences between Real and Virtual Environments
Although the virtual version of the experiment aimed to be an exact replica of the real-world version, some differences could not be avoided. First and foremost, participants were obviously aware that they were in VR. Second, for the bogus task, the pixel resolution of the HMD (640 × 800) was lower than that of the flatpanel monitor used to present the bogus stimuli (1920 × 1080). To insure that the stimuli were visible in the HMD, the size of the virtual monitor was increased to 150% of the size of the physical monitor. Third, in the real environment, the alarm sound was produced by a wall-mounted fire alarm, whereas in the virtual environment, the alarm sound was presented to participants over stereo headphones. Fourth, although the virtual humans closely resembled the real confederates, they were still clearly computergenerated figures and did not react to the participant's behavior. Fifth, in the real room, the experimenter read the instructions to the participants while standing behind the flat-panel monitor. In the virtual room, the instructions were prerecorded and played to participants through the headphones, while a virtual human stood in the location corresponding to that of the experimenter. Finally, in the real environment the participant could see their own body, whereas in the virtual environment they could not.
Procedure
Volunteers were recruited to participate in a study on "visual attention and head movement. " Upon arrival at the lab, a cover story said that head movements would be monitored in order to "identify nodding movements while performing a visual attention task. " In the bystander conditions, participants were told that another person (real or virtual) was present in order to "disentangle whether nodding was triggered through agreeing with another person or through understanding during a reasoning task. " To explain the unresponsive behavior of the bystander in the virtual environment, participants in these groups were told that the virtual human was a recording of the previous participant and that their behavior would also be played back to the next participant. After giving consent, participants were led into the VENLab. For the real environment, participants and confederates (if present) put on the tracking helmets, were given handheld clickers for the bogus task, and were guided to their respective starting positions; for the virtual environment, participants put on the HMD and were instructed to explore the virtual environment and check that the virtual objects corresponded to physical objects (e.g., by touching the table and going to the door in the real room).
The experimenter (real and virtual) was standing behind the monitor and gave the same instructions for the bogus perceptual matching task to all participants. After reading the instructions, the experimenter walked out of the room and observed the experiment from behind a curtain. The participants stood in front of the table with flat-panel screen and were instructed to judge whether pairs of images matched by clicking a button on the handheld clicker. A pool of 99 images was generated from the POPORO data base which consists of images with norms for semantic relatedness (Kovalenko et al., 2012) . Images from this pool were randomly presented in pairs for 2 s each. Participants received three blocks of 40 trials each. In each trial, participants had to decide whether images matched by color, shape, or content of the images or not at all. There was a 30 s break between each block.
Ten minutes into the bogus task (shortly after the beginning of the third block), the fire alarm sounded. In the Active bystander condition, the confederate (real or virtual) looked at the fire alarm and then turned, walked to the door, and exited. The confederate needed about 10 s to exit. In the Passive bystander condition, the confederate briefly looked at the alarm but continued performing the bogus task. The confederates in the real environment were instructed to respond as little as possible to the participants, and gave single word responses and did not engage in a conversation. If participants asked the confederates in the passive condition about what to do during the fire alarm, they were instructed to shrug and then return to the task (just as the virtual bystander did). The experiment ended after the participant either walked to the exit door or completed the third block of trials. The experimenter stopped participants as soon as they had reached the exit door.
Following testing, participants completed a questionnaire about the scenario and were fully debriefed. The questionnaire asked them to report whether they had recognized the fire alarm (yes/no), had thought that it was part of the experiment (yes/no), to rate its realism (four-point Likert scale from very unrealistic to very realistic), and to rate their perceived risk in the situation (0-100, with 0 = no risk at all and 100 = extreme risk). In addition, the virtual environment group received the iGroup Presence Questionnaire (IPQ) (Schubert, 2003) , which included four sub-scales: spatial presence (degree of the sense of being physically present in VR), involvement (amount of attention focused on VR and the involvement experienced), experienced realism (subjective rating of realism of a virtual environment), and a single item general factor (G) that correlates with all other factors. Each factor is reported on a scale from 0 (lowest) to 6 (highest).
resUlTs
Nearly, half of the 150 participants (73) walked to the exit, after the alarm sounded. Overall, more participants evacuated in the active bystander condition (38) and fewer in the passive bystander condition (9) compared to the control condition (26), confirming the social influence effect. This pattern was similar in the two environments (Figure 2) , although fewer participants evacuated in the virtual environment (30) than in the real environment (43), overall. Figure 2 breaks down the absolute and relative frequencies of participants who decided to evacuate between the real and virtual environment and the three experimental conditions. The positive influence of the active bystander was comparable in the two environments, relative to the control condition, whereas the negative influence of the passive bystander was attenuated in VR.
The categorical choice data were analyzed using logistic regression (Table 2) , based on a model in which the participant's evacuation decision (leave/stay) was predicted by bystander condition (active, passive, control) and environment (real, virtual). The reference category for the logistic regression model was the control condition in the real environment. The saturated model was required to explain the data adequately. For example, without the interaction term (bystander condition × environment) the model would be rejected, p = 0.017. Since previous studies had found effect of gender on evacuation behavior FigUre 2 | Percentage of participants evacuating during the simulated fire alarm in each bystander condition (control group, active bystander, passive bystander) in virtual and real environment. The labels above each bar correspond to the absolute frequencies of evacuated participants. [e.g., Kinateder et al. (2013) ], adding gender as a predictor, however, did not significantly improve the model, p = 0.19. All three predictor terms (bystander condition, environment, and interaction) significantly contributed to the model ( Table 2) . The main effect of bystander condition showed that participants were more likely to evacuate with an active bystander [odds (leaving) = 5.41] and less likely to evacuate with a passive bystander [odds (staying) = 15.58] compared to the control condition, after controlling for environment. The odds ratio (OR) of leaving was (active/control)/(passive/control) = 5.41/0.06 = 90.16; that is, all else equal, the odds of evacuating in the active condition were ninety times those of evacuating in the passive condition. Similarly, the main effect of environment revealed that participants were less likely to evacuate the virtual room than the real room [odds (staying) = 3.78] after controlling for bystander condition. There was a significant interaction between bystander condition and environment. Relative to the control condition, participants in the active condition responded similarly in the two environments [odds (leaving) = 0.49], whereas participants in the passive condition were more likely to evacuate in the virtual environment than the real environment [odds (leaving) = 8.75].
This indicates that the positive social influence was preserved but the negative social influence was significantly reduced in the virtual environment.
To further compare evacuation behavior in the real and virtual worlds, we analyzed the following variables for the 73 participants who evacuated: pre-movement time (between the fire alarm and the initiation of movement), movement time (between initiation of movement and arrival at the exit), mean walking speed and distance walked (during movement time, Table 3 ). The criterion for movement initiation was a head displacement >0.5 m after the alarm was triggered. Shapiro-Wilk tests revealed that none of these four dependent variables were normally distributed (all p < 0.001) and, with the exception of distance, Bartlett tests of homoscedasticity indicated that variance across the bystander conditions was not homogeneous (all p < 0.01). Consequently, Kruskal-Wallis rank sum tests were used to analyze effects of bystander condition and environment on the four variables. There were no effects of bystander condition or environment on pre-movement time, χ 2 (2) = 2.85, p = 0.24, movement time, χ 2 (2) = 5.28, p = 0.07, average walking speed, χ 2 (2) = 2.56, p = 0.27, and distance walked, χ 2 (2) = 0.20, p = 0.90. FigUre 3 | ratings of perceived risk (0-100) as a function of experimental condition (control group, active bystander, passive bystander) in virtual and physical world. In the post-experiment questionnaire, participants reported higher perceived risk during the fire alarm in the real environment compared to the virtual environment, F(1,144) = 6.60, p < 0.05. There was no effect of bystander condition, F(2,144) = 2.56, p = 0.08, and no interaction, F(2,144) = 0.65, p = 0.52 (Figure 3) , on perceived risk. Adding perceived risk to the logistic regression model did not significantly improve the predicted evacuation decision, p = 0.22. In addition, 90% of the participants (88% in the real environment and 92% in the virtual environment) rated the simulated fire alarm as either "realistic" or "very realistic" and 87% recognized the simulated alarm as a fire alarm (91% in the real environment and 84% in the virtual environment). However, only 20% in the real environment but 68% in the virtual environment reported that they thought the simulated fire alarm was part of the experiment.
In the IPQ, participants (virtual environment only) reported similar presence ratings in all conditions, with one exception. Experienced realism was reported to be significantly higher in the active bystander condition than in the control condition, p < 0.05 (Table 4) , consonant with the positive influence of the active virtual bystander.
DiscUssiOn
The present study replicated and extended the social influence effect of the smoke-filled room study by Latané and Darley (1968) , in matched real and virtual environments. First, we showed that the behavior of a bystander influences the decision to evacuate in response to a fire alarm in the real world. Participants were less likely to evacuate when a passive bystander was present during the alarm than when the participants were alone. Second, we found that bystanders exert a positive as well as a negative social influence, for participants were more likely to evacuate when the bystander did so. This discovery has the important implication that active bystanders can increase evacuation rates in emergency situations. Third, we replicated these social influence effects in a virtual environment. The pattern of evacuation responses was similar in the real and virtual environments. However, fewer participants overall chose to evacuate in response to the virtual fire alarm. The positive influence of the active bystander was comparable in the two environments, whereas the negative influence of the passive bystander was weaker in VR.
These results are consistent with recent studies demonstrating social influence on evacuation behavior in VR [e.g., Kinateder et al. (2014a) ]. Previous experiments observed social influence effects of virtual humans, but did not compare matched virtual and real conditions (Kozlov and Johansen, 2010) . Our findings are complementary to studies showing that participants react to violence in VR at the subjective and behavioral levels as if it were real (Slater et al., 2013) . Although these studies had previously indicated that virtual humans can substitute for real humans when studying social situations, the present experiment is the first to systematically compare and quantify social influence in matched virtual and real environments.
Thus far, research on the social influence effect mostly focused on negative consequences of bystander behavior. The present study shows that bystanders can increase evacuation rates. Consequently, interventions that improve self-evacuation are likely to have a positive effect not only on the trained persons but also on their nearby neighbors. Future research should investigate the social influence of, for example, individuals who received evacuation training on nearby others in emergency situations.
Taken together, the present findings provide the best evidence, to date, that VR offers a valid tool for the study of evacuation behavior, with the caveat that effect sizes in VR may be smaller than those in the real world. Thus far, the vast majority of empirical evidence on evacuation behavior stems from uncontrolled observational studies. Laboratory experiments, which enable researchers to test causal relationships, have been underrepresented and criticized regarding their ecological validity. Although further validation studies are necessary, the present findings together with the advantages of VR open new avenues for controlled experiments in evacuation research. For example, more realistic emergency scenarios, including smoke and flames, could be tested with high experimental control in a safe environment. More prosaically, the present data allow better estimates of the required sample sizes for future VR experiments.
Observations from real emergencies and field studies suggest that the building occupants' gender affects evacuation behavior. For example, studies of hurricane evacuation demonstrated that women are more likely to evacuate than men (Bateman and Edwards, 2002; Enarson et al., 2007) and more likely to initiate a fire alarm and evacuate in tunnel emergencies (Kinateder et al., 2013) . However, we observed no difference between the influence of the male and female bystander or between the responses of male and female participants. These results suggest that men and women exert a comparable social influence on the evacuation decisions of others, at least in dyadic interactions. Some caution is advisable in drawing implications from this null result. Because we used only one male and one female bystander in both the real and virtual environments, it is possible that any effects of gender were confounded with effects of other bystander characteristics. Future studies looking into gender effects should test multiple male and female bystanders and need to balance male and female participants more evenly across conditions with a larger sample size.
Self-reported perceived risk during the fire alarm was higher in the real than in the virtual environment. However, it did not predict the decision to evacuate in our study. The influence of perceived risk on evacuation decision-making is still not sufficiently understood (Kinateder et al., 2015) ; some studies find seemingly contradictory results, sometimes even on the same event (Kuligowski and Mileti, 2009; Day et al., 2013) . Future research is clearly necessary to investigate if and how perceived risk influences evacuation decision-making and how it is linked to social influence.
Participants rated the virtual-and the physical-simulated fire alarm as equally realistic, and in both conditions the fire alarm was judged to be very convincing. Nonetheless, most participants in the virtual environment believed that the alarm was part of the experiment, whereas a large majority in the physical environment did not. On the one hand, these ratings demonstrate the quality of the mock fire alarm in the real room. On the other hand, they suggest that participants are aware that everything that happens in a virtual environment is controlled by the experimenter. However, it was not the aim of the study to convince participants that the fire alarm was real. If they experienced a virtual alarm as real, the appropriate response was to rip off the HMD and leave the building, and, in fact, none of the participants did so. In contrast, if they experienced themselves and the alarm as being "present" together in the virtual environment, the appropriate response was to walk to the virtual exit. The fact that 40% of VR participants did so (compared to 57% in the real room) suggests that the scenario achieved some degree of presence [see Cummings and Bailenson (2015) for an overview of the concept of presence in VR research]. The operational question, however, is whether the pattern of evacuation behavior elicited in the virtual environment was comparable to that observed in the real environment, and qualitatively, this can be answered in the affirmative.
Some limitations of the present study need to be considered. First, although the virtual environment matched the physical room as closely as possible, they were not identical (see Materials and Methods), and this may partially account for the reduced evacuation response in VR. Second, the present scenario did not include fire or smoke, and consequently further validation studies are necessary for behavior in virtual smoke or fire. Third, participants in the VR condition were instructed that the virtual human was a recording of the previous participant and that their own behavior would be played back to the following participant. It is possible that this drove participants to attend more closely to their own behavior than to the bystander in the virtual environment. However, we deem it more likely that this gave participants an explanation as to why the virtual human did not interact with them, while at the same time indicating that the virtual human's behavior was based on real behavior and not computer generated.
In summary, the present study extended the social influence effect to the decision to evacuate and demonstrated a positive as well as negative social influence, implying that active bystanders can increase evacuation rates. Moreover, this social influence on evacuation behavior was replicated in matched real and virtual environments for the first time. This result underscores the ecological validity of VR as a research tool for the experimental study of evacuation behavior in emergency situations, with the caveat that effect sizes may be reduced in VR.
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